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Abstract 

The Arkani-Hamed-Dimopoulos-Dvali and the Randah-Sundrum 
models with extra spacehke dimensions, recently proposed as a solu- 
tion to the hierarchy problem, are reviewed. We discuss their basic 
properties and phenomenological effects of particle interactions at high 
energies, predicted within these models. 

1 Introduction 

Studies of field theoretical models in the space-time with additional spatial 
dimensions were started by T. Kaluza and O. Klein in their pioneering articles 
[|l|], in the 20th. This gave the origin to a field theoretical approach to the 
description of particle interactions in a multidimensional space-time called 
the Kaluza-Klein (KK) approach. 

Very detailed studies of various mathematical and physical aspects of 
models within the KK approach were carried out in the literature, see Refs. 
[0] - for reviews and references therein. A strong motivation for the KK 
approach comes from the string theory where the multidimensionality of the 
space-time is required for the consistent formulation. 
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Recently models with extra dimensions of a new type, namely the Arkani- 
Hamed-Dimopoulos-Dvali (ADD) and Randall-Sundrum (RS) models, have 
been proposed in Refs. 1§] - 0- They were designed to provide a novel solu- 
tion to the hierarchy problem. Many essential features of these models were 
inherited from the KK approach. Also many ideas and concepts, recently 
discovered in string/M-theories, have been incorporated. The ADD and RS 
models are the subject of the present contribution. 

In the rest of this section we discuss main elements of the " classical" KK 
theories. We also introduce the notion of localization of fields on branes by 
considering a simple model and mention briefly some recent results in string 
theories which serve as motivations for the ADD and RS models. Sect. 2 
and Sect. 3 are devoted to the ADD model and the RSI model respectively. 
We explain the basics of the models and discuss possible effects, predicted 
by them, which can be observed in high energy particle experiments. We 
almost do not touch astrophysical effects and cosmological scenarios within 
the ADD and RS models restricting ourselves to a very general discussion 
and brief remarks. Sect. 4 contains a short summary of results on the ADD 
and RSI models. 

In the present account we follow mainly the original papers on the subject 
and some recent reviews, Refs. |10| - |jl3l . 



1.1 Kaluza-Klein approach 

The KK approach is based on the hypothesis that the space-time is a (4 + d)- 
dimensional pseudo-Euclidean space 

= M4 X Kd, (1) 

where M4 is the four-dimensional space-time and is a d-dimensional com- 
pact space of characteristic size (scale) R. The latter plays the role of the 
space of additional (spatial) dimensions of the space-time. Let us denote 
local coordinates of E^^a as {x'^} = {x'^, y"^}, where M = 0,1, ... ,3 + d, 
IX = 0, 1, 2, 3 and m = 1,2, . . . ,d. In accordance with the direct product 
structure of the space-time, Eq. (|l|), the metric is usually chosen to be 

ds'^ = G MN{^)dx^ dx^ = g^y{x)dx^dx^ + '-)mn{x,y)dy^dy^ . 

To illustrate main elements and ideas of the KK approach which will be 
important for us later, let us consider the case of M4 = M^, the Minkowski 
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space-time, and a simple (4 + (i) -dimensional scalar model with the action 
given by 



S = J d'+'^X^ ~ {dM 



2 ^ 4! ^ 



(2) 



where G = det{GMN)- To interprete the theory as an effective four-dimensional 
one the multidimensional field y) is expanded in a Fourier series 

0(x,y) = E0(")(x)y„(i/), (3) 

n 

where Yn{y) are orthogonal normalized eigenfunctions of the Laplace operator 
Akj^ on the internal space K^, 

^kMv) = %yn{y\ (4) 

and n is a (multi-) index labeling the eigenvalue A„ of the eigenfunction 

Yn{y). 

The case of the toroidal compactification of the space of extra dimensions 
Kd = T'^, where T'^ denotes the d-dimensional torus with equal radii R, is 
particularly simple. The multi-index n = {ni, ^2, . . . , n^} with being 
integer numbers, —oo < Um < oo. The eigenfunctions and eigenvalues in 
Eqs. (H), (§) are given by 

y{m,n2,...n,} = -^exp| |, (5) 

\ — 2 I 2 I 2 

'^{ni,n2,...".d} ~ -\- n2 -\- . . . n^, 

where V(rf) = {271 RY is the volume of the torus. 

The coefficients (j)^'"'\x) of the Fourier expansion (0) are called KK modes 
and play the role of fields of the effective four-dimensional theory. Usually 
they include the zero-mode 0*^°-* {x) , corresponding to n = and the eigenvalue 
Ao = 0. Substituting the KK mode expansion into action @) and integrating 
over the internal space Kd one gets 



S = (Tx 
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_ M(0(O))4_M(0(O))2^^(n)^(n)*_ 

where the dots stand for the terms which do not contain the zero mode. The 
masses of the modes are given by 



m 



(6) 



The couphng constant (7(4) of the four-dimensional theory is related to the 
coupling constant g{4+d) of the initial multidimensional theory by the formula 

_ g(4+d) 

m - (7) 

V(d) being the volume of the space of extra dimensions. 

Similar relations take place for other types of multidimensional theories. 
Consider the example of the Einstein (4 + (i)-dimensional gravity with the 
action 

Se= f d'^'x^/^-—^ 7^(^+'^)[GMiv], 

J ib7rGAr(4+d) 

where the scalar curvature 71^'^^'^^[Gmn] is calculated using the metric Gmn- 
Performing the mode expansion and integrating over Kd one arrives at the 
four-dimensional action 

Se= f d'xy^{—^'}Z^%f,\] + ..], 

J [ 167rGAr(4) J 

where the dots stand for the terms with non-zero modes. Similar to Eq. (|^), 
the relation between the four- dimensional and (4 + (i)-dimensional gravita- 
tional (Newton) constants is given by 

Gn{4) = Tl—GN(_4+d), (8) 

V{d) 

where, as before, V(^d) oc is the volume of the space of extra dimensions 
and R is its size. It is convenient to rewrite this relation in terms of the 
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four- dimensional Planck mass Mpi = {Gn{4:)) = 1-2 ■ 10^^ GeV and a 

fundamental mass scale of the (4+(i)-dimensional theory M = (GAr(4+d))~^. 
We obtain 

The latter formula is often referred to as the reduction formula. 

Initially the goal of the KK approach was to achieve a unification of a few 
types of interactions in four dimensions within a unique interaction in the 
multidimensional space-time. A classical example is the model proposed and 
studied in Ref . . It was shown there that the zero-mode sector of the five- 
dimensional Einstein gravity in = x 5^, where M'* is the Minkowski 
space-time and is the circle, is equivalent to the four- dimensional theory 
which describes the Einstein gravity and electromagnetism. In this model 
the electromagnetic potential appears from the G^^ components of the mul- 
tidimensional metric. 

For multidimensional Yang- Mills theories with the space of extra dimen- 
sions being a homogeneous space an elegant scheme of dimensional reduction, 
called the coset space dimensional reduction, was developed fl^ (see Refs. [|], 
[|] for reviews and Refs. for recent studies). An attractive feature of this 
scheme is that the effective four-dimensional gauge theory contains scalar 
fields. Their potential is of the Higgs type (i.e. leads to the spontaneous 
symmetry breaking) and appears in a purely geometrical way from the ini- 
tial multidimensional Yang-Mills action. 

As we have seen, a characteristic feature of multidimensional theories 
is the appearance of the infinite set of KK modes (called the KK tower of 
modes). Correspondingly, a characteristic signature of the existence of extra 
dimensions would be detection of series of KK excitations with a spectrum 
of the form (^). So far no evidence of such excitations has been observed in 
high energy experiments. The bound on the size i?, derived from the absence 
of signals of KK excitations of the particles of the Standard Model (SM) in 
the available experimental data, is 

~ 4 ^ 1 

(see, for example, |jl6|). 
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1.2 Localization of fields 



A new ingredient which turned out to be essential for the recent develop- 
ments was elaborated by V. Rubakov and M. Shaposhnikov in article [|l^ 




(see also Ref. |TB|). This is the mechanism of localization of fields on branes. 
The authors considered the theory of the scalar field $(x,?/) with a quartic 
potential in the five-dimensional space-time x R^, i.e. with the infinite 
fifth dimension. Here the coordinate = is denoted by y. The potential 
was chosen to be 

" --^^^ + ^^^ + 4- (10) 
2 4 4A ^ ^ 

It is easy to check that there exists a kink solution which depends on the 
fifth coordinate only. The solution is given by 

$.(!/) = ^tanh!^^^^. 

The kink solution centered at y = ?/o = is shown in Fig. |I]. The energy 
density of this configuration is localized in the vicinity of the hyperplane 
y = yo within a region of thickness ~ 1/m. The spectrum of quantum 
fluctuations (KK modes) around the kink solution includes a zero mode 
(corresponding to the translational symmetry of the theory), one massive 
mode and a continuum of states. For low enough energies only the discrete 
modes are excited, and effectively the theory describes fields moving inside 
the potential well along the plane yo = 0. The model provides an example 
of dynamical localization of fields on the hyperplane which plays the role of 
our three-dimensional space embedded into the four- dimensional space. This 
hyperplane is referred to as a wall or 3-brane. If the energy is high enough 
modes of the continuous spectrum are excited, and a manifestation of this 
may be effects with particles escaping into the fifth dimension. 

In a similar way fermions coupled to the scalar field can be localized on 
the wall. Localization of vector fields was discussed in Ref. [|T^. A field 
theoretical and string theory realizations of the localization mechanism are 
discussed in Refs. [0, [^. Within the string theory framework localization 



of vector fields on branes is automatic (see [BT 
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Figure 1: The kink solution and its energy density in the scalar model with 
potential (|T0|). 

1.3 St ring/M- theory motivations 

In recent years there were a number of developments in string theories which 
motivated the models with additional dimensions we are going to discuss in 
Sect. 2 and Sect. 3. 

An important case is when the space of extra dimensions is an orbifold. 
In this paper we will be dealing only with the orbifold jZi which is defined 
in the following way. Let us consider the circle 5*^ of the radius R and denote 
its points by y. The orbifold is constructed by identifying the points which 
are related by the Z2-transformations y —>■ {—y). We will write this orbifold 
^2- identification as y = (— y). In addition we have the usual identification of 
points of 5*^ due to periodicity: y = {y + 2ttR) . The points y = and y = nR 
are fixed points of the Z2-identification. 3-branes Q or three-dimensional 
hyperplanes, playing the role of our three-dimensional space, can be located 
at these fixed points. 

"'^A p-brane is understood as a hypersurface with p spacelike dimensions embedded into 
a larger space-time. 
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In the case of the orbifold compactification all multidimensional fields 
either even or odd. In the former case they satisfy the condition ^{x,y) = 
—y), whereas in the latter one they satisfy ^{x,y) = — ^(x, —y)- Their 
mode decompositions are of the form 

°° nil 
^{x,y) = ^$^"^(x)cos— if ^{x,y) is even, 

n=0 ^ 

^{x,y) = ^$^"^(x)sin— if ^{x,y) is odd. 

n=l ^ 

Note that only even fields contain zero modes. Correspondingly, only even 
fields are non-vanishing on the branes ai y = and y = ttR. 

One important feature of string theories is that there exist p-brane con- 
figurations which confine gauge and other degrees of freedom naturally (see 



p2|). Another one is that there are consistent compactifications of the 



IID limit of M-theory - ||2^, regarded as a theory of everything, down 



to (3 -|- 1) dimensions. The path of compactification is not unique. 



In Refs. [^, [0] it was shown that the non-perturbative regime of the 
X heterotic string can be identified as the IID limit of M-theory with 
one dimension being compactified to the /Z2 orbifold and with a set of E^ 
gauge fields at each lOD fixed point of the orbifold. By compactifying this 
theory on the Calabi-Yau manifold one arrives at a theory which, for certain 
range of energies, behaves like a 5D M = 1 supersymmetric (SUSY) model 
with one dimension compactified on jZ^ [^. The effective action of 
this theory was derived in p7[| . 

The main features of string motivated scenarios, considered in the litera- 
ture, are the following. The ends of open strings are restricted to D4-branes 
in the 11-dimensional space-time. Excitations of open strings include gauge 
bosons, scalar fields and fermions. A low energy effective theory of these ex- 
citations is supposed to contain the SM, hence the SM fields are localized on 
the D4-brane. Closed strings propagate in the bulk, i.e. in the whole space- 
time. Excitations of closed strings include the graviton, therefore gravity 
propagates in the bulk. A schematical picture of the space-time in the Type 



I' string theory, as viewed in Ref. [28|, is presented in Fig. 0. The D4-brane 



contains three non-compact spacelike dimensions, corresponding to our usual 
space, and one dimension compactified to the circle of the radius r. As 
far as the rest of the dimensions are concerned, 5 spatial dimensions or a 
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Figure 2: Schematical picture of the space-time in the Type I' string theory, 
taken from Ref. 



part of them may form a compact space of the characteristic size R. A sys- 
tematic effective field theory model of a 3-brane Universe was considered in 



Ref. [^. In Ref. |Q the creation of brane- worlds within the minisuperspace 
restriction of the canonical Wheeler-DeWitt formalism was discussed. 

The assumption i? 3> r does not seem to be impossible. It is motivated 
by the fact that in string theory the tree-level formula 



between the Planck mass Mpi and the string scale Mstr receives large cor- 
rections. Therefore the relations M^t^ <S Mpi and R ~ M^^r ^ ^pl ~ 
not inconsistent with the string theory ||2^, |]2S|, With this possibility 



in mind there were proposals of scenarios where part of the compact dimen- 
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sions had relatively large size. For example, in a scenario shown in Fig. ^ a 
physically interesting case corresponds to ~ lOMeV, r~~^ ~ ITeV. 

Additional motivations of scenarios with large extra dimensions are the 
following: 

1) possibility of unification of strong and electroweak interactions at a 
lower scale M'q^jj, ~ lOTeV due to the power law running of couplings in 
multidimensional models ||3^ (see also [p^); 

2) existence of novel mechanisms of SUSY breaking p3 ■ 



and elec- 



troweak symmetry breaking [p8 



For example, one of them is to break SUSY 
on the hidden brane, then the SUSY breaking is communicated to the SM 
brane via fields in the bulk (see, for example, |33|, |3 



We would like to mention that studies of the power law running of cou- 
plings in the minimal supersymmetric standard model within the exact renor- 
malization group approach were carried out in Ref. various aspects of the 
running of coupling constants in KK theories were addressed, for example, 
in Refs. 0. 



In fact, extensive studies of physical effects and phenomenological predic- 
tions of Kaluza-Klein theories with the size of extra dimensions i? ~ 1 TeV~^ 
have been started almost a decade ago (see |^ - and references 



therein). In particular, it was shown that in such models the cross section 
0" of a given process deviates from the cross section a^^^^^ of the SM in four 
dimensions even for energies below the threshold of the creation of the first 
non-zero mode in the KK tower. This effect is due to contributions of the 
processes of the exchange via virtual KK excitations. A characteristic de- 
pendence of A = (a — (T'-'^^^^)/cr*-'^^^^ on the inverse size of extra dimensions 
and on the centre-of-mass energy ^/s of colliding particles is shown in 
Figs, i |. 



Above we explained basics of the traditional KK approach, which will 
be essential to us. We also outlined some recent ideas, which lie in the 
basis of the new type KK models. Whereas the main goal of the "classical" 
KK theories was unification of various types of interactions within a more 
fundamental interaction in the multidimensional space-time, the aim of the 
new models with extra dimensions is to solve the hierarchy problem. The 
essence of this problem is the huge difference between the fundamental Planck 
scale Mpi, which is also the scale of the gravitational interaction, and the 
electroweak scale Mew ~ ITeV. Namely, Mew/^pi ~ lO""*^^. 
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Figure 3: Deviation of the cross section in a KK model as a function of the 
inverse size of extra dimensions. 

2 Arkani-Hamed - Dimopoulos - Dvali Model 
2.1 Main features of the model 

We consider first the ADD model proposed and studied by N. Arkani-Hamed, 
S. Dimopoulos and G. Dvali in Refs. 0. The model includes the SM 
localized on a 3-brane embedded into the (4 + c?)-dimensional space-time 
with compact extra dimensions. The gravitational field is the only field 
which propagates in the bulk. This construction is usually viewed as a part 
of a more general string/M-theory with, possibly, other branes and more 
complicated geometry of the space of extra dimensions. Reduction formula 
is valid in this case too. Since the volume of the space of extra dimensions 
V(rf) ~ R^, where R is its characteristic size, the reduction formula can be 
written as 




R 



(11) 
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Figure 4: Deviation of the cross section in a KK model as a function of 
^/s/{2ml), where ^/s is the centre-of-mass energy of coUiding particles and 
mi is the mass of the first non-zero KK mode. 

(we assume for simplicity that all d extra dimensions are of the same size). 
The hierarchy problem is avoided simply by removing the hierarchy, namely 
by taking the fundamental mass scale M of the multidimensional theory to 
be M ~ ITeV. In this way M becomes the only fundamental scale both for 
gravity and the electroweak interactions. At distances r < R the gravity is 
essentially (4 + c?)-dimensional. Using the value of the Planck mass Eq. (pH]) 
can be rewritten as 




or 



R 



i-i 



M 




GeV 



i 
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Let us analyze various cases. In the case d = lit follows from the formulas 
above that R ~ lO^^cm, i.e. the size of extra dimensions is of the order of 
the solar distance. This case is obviously excluded. For c? > 2 we obtain: 



for d = 


2 


R ~ 


0.1 


mm, 


R-' 


~ 10-3 eV 


for d = 


3 


R ~ 


10" 


^ cm, 


R-' 


~ 100 eV 


for d = 


6 


R ~ 


10- 


1 2 

cm, 


R-' 


~ 10 MeV 



Such size of extra dimensions is already acceptable because no deviations 
from the Newtonian gravity have been observed for distances r <, 1mm so 
far (see, for example, |^). On the other hand, as it was already mentioned 



in the previous section, the SM gauge forces have been accurately measured 
already at the scale ~ lOOGeV. Hence, for the model to be consistent fields of 
the SM must be localized on the 3-brane. Therefore, only gravity propagates 
in the bulk. 

Let us assume for simplicity that the space of extra dimensions is the 
(i-dimensional torus. To analyze the field content of the effective (dimension- 
ally reduced) four- dimensional model we first introduce the field hMN{x,y), 
describing the linear deviation of the metric around the (4 + (i)-dimensional 
Minkowski background tjmn, by 

2 

Gmn{x, y) = TjMN + ^mn{x, y) (12) 

and then perform the KK mode expansion 

hMN{x,y) = Y,h^^)^{x)—^e-''^ (13) 

V ('^^ 

(cf. (IP, d^)), where V^d) is the volume of the space of extra dimensions. The 
masses of the KK modes are given by 



TUn = -^nf + ni + ... + n^ = ^, (14) 

so that the mass splitting of the spectrum is 

Am oc l/R. (15) 
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The Newton potential between two test masses mi and m2, separated by 
a distance r, is equal to 



V{r) = GN{A)mim2 J2 



G 



N{A)mim2 



\n\r/R 



The first term in the last bracket is the contribution of the usual massless 
graviton (zero mode). The second term is the sum of the Yukawa potentials 
due to contributions of the massive gravitons. For the size R large enough 
(i.e. for the spacing between the modes small enough) this sum can be 
substituted by the integral and we get |^ 



V{r) 



G 



iV(4) 



G 



7V(4)- 



17111712 

r 

mim2 
r 



1 + ^d-i 
1 + Sd-i 



1/R 

R 

r 



-zd-l 



dz 



r/R 



(16) 



where S^-i is the area of the {d — l)-dimensional sphere S'^^^ of the unit 
radius. It is easy to see that when the distance between the test masses 
r 3> -R the potential V{r) is the usual Newton potential in four dimensions, 



V{r) ^ G 



NiA)- 



mim2 



r 



At short distances, when r ^ R, the second term in Eq. ( |T6l) dominates so 
that 



V{r) ^ Gn(a) Sd^i 



R\ 



r ) 



Y{d) = G 



N{A+d)- 



17111712 
d+1 



Sd-iTid), 



i.e. the (4 + (i)-dimensional gravity law is restored. Here we used relation (|^) 
which is essentially the reduction formula, Eq. (pT]). 

Using simple considerations, it was shown in Ref. that the model, 
described here, is pretty consistent. In particular, for d = 2 the devia- 
tion AEgrav of the gravitational energy of a simple system from its four- 
dimensional gravitational energy Egrav at a distance r was estimated to be 



AE, 



grav 



E, 



grav 



-)' 

r J 



1 mm\ 
r / 
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Though at atomic distances gravity becomes muhidimensional it is still much 
weaker than the electromagnetic forces and still need not to be taken into 
account. For example, for d = 2 the ratio of the gravitational force between 
an electron and a positron to the electromagnetic attractive force between 
them at distances r ~ 10~^ cm was estimated to be 

^ em 

Let us discuss now the interaction of the KK modes h^MNi^) with fields 
on the brane. It is determined by the universal minimal coupling of the 
(4 + (i) -dimensional theory: 

Sint = J d''+''x^/^fMNh''''ix,y), 

where the energy-momentum tensor of matter on the brane localized at |/ = 
is of the form 

TMiv(x,i/)=MT^.(x)5W(y). 

Using the reduction formula, Eq. and KK expansion (p!3[) we obtain 

that 

- I d'x^T^^{x)h^-l (17) 

The degrees of freedom of the four- dimensional theory, which emerge from 
the multidimensional metric, are described in Refs. [^. They include: 
(1) the massless graviton and the massive KK gravitons (spin-2 fields) with 
masses given by Eq. (|T^), we will denote the gravitons by G^"-*; (2) [d — 1) 
KK towers of spin-1 fields which do not couple to T^^; (3) {d'^ — d — 2)/2 
KK towers of real scalar fields (for d>2), they do not couple to T^y either; 
(4) a KK tower of scalar fields coupled to the trace of the energy-momentum 
tensor T.^, its zero mode is called radion and describes fluctuations of the 
volume of extra dimensions. We would like to note that for the model to be 
viable a mechanism of the radion stabilization need to be included. With 
this modification the radion becomes massive. 
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As in the "classical" KK approach, there are two equivalent pictures 
which can be used for the analysis of the model at energies below M. One 
can consider the (4 + (i)-dimensional theory with the (4 + (i)-dimensional 
massless graviton hMN{x,y) interacting with the SM fields with couplings 
~ Equivalently, one can consider the effective four- dimensional 

theory with the field content described above. In the latter picture the cou- 
pling of each individual graviton (both massless and massive) to the SM fields 
is small, namely ~ 1/Mpi. However, the smallness of the coupling constant is 
compensated by the high multiplicity of states with the same mass. Indeed, 
the number dAf{\n\) of modes with the modulus \n\ of the quantum number 
being in the interval (|n|,|n|-|-(i|n|)is equal to 

dAf{\n\) = Sd.M'-'dlnl = Sa-iR'm''-^dm ~ S,.,^^m''-'dm, (18) 

where we used the mass formula m = \n\/R and the reduction formula, Eq. 
(pAl). The number of KK gravitons G^"'^ with masses m„ < E < M is equal 
to 

Here we used integration instead of summation. As it was already men- 
tioned above, this is justified because of smallness of the mass splitting (see 
Eq. ([T5|) ). We see that for E 3> the multiplicity of states which can be 
produced is large. According to Eq. (^) the amplitude of emission of the 
mode n is ^ ~ 1/Mpi, and correspondingly its rate is ~ l/Mpf. The 
total combined rate of emission of the KK gravitons with masses m„ < E is 

' ^iE)r.-^. (19) 



We see that there is a considerable enhancement of the effective coupling 
due to the large phase space of KK modes, or, in another way of saying, 
due to the large volume of the space of extra dimensions. Because of this 
enhancement the cross-sections of processes involving the production of KK 
gravitons may turn out to be quite noticeable at the future colliders. 

The ADD model is often considered in the approximation when the wall 
is infinitely heavy and is described by a hyperplane of zero thickness fixed 
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at, say, y = 0, i.e. the translational invariance along the internal space is 
broken. In this case the discrete momentum Um along the extra dimensions 
is not conserved in the interactions on the brane. The energy, however, is 
conserved. In the bulk the discrete momentum is conserved. So, for 
example, the decay G*^"-* G^'^^G^') of the massive KK graviton into lighter 
KK modes G^"^\ G^''^ is possible only if = km + Im, m = 1, 2, . . . , 

Let us now analyze decays of the massive gravitons into the SM particles, 
for example, G^'^-' 77. Such processes are very different from decays 
of four-dimensional particles on the brane. Intuitively it is clear that the 
gravitons escape into the bulk with a low probability of returning to interact 
with the SM fields on the brane. As it was estimated in Ref. the total 
width of such decay is equal to r„ = P x F^. Here P is the probability of the 
graviton to happen to be near the brane. It can be estimated as the ratio of 
the dth. power of the Compton wavelength to the volume Vf^d) of the space of 
extra dimensions, so that 



(l/m„ 



is the width of the decay of the graviton into the SM particles, ~ 
mfi^^ / M'^^'^ . Combining these expressions and using the reduction formula 
we obtain that 

771 

r„ ~ -gf-. (20) 

This formula can be also understood in a different way. The factor 1/Mp; 
reflects the fact that each mode interacts with the coupling suppressed by the 
Planck mass. Then the factor in Eq. (^Op can be restored by dimensional 
considerations. The lifetime of the mode n is equal to 

1 1 /Mpi\^ /leV\" 



r„ Mpi \ rrir. 



10- yr (ii^) . (21) 



We see that the KK gravitons behave like massive, almost stable non- 
interacting spin-2 particles. A possible collider signature is imbalance in 
final state momenta and missing mass. Since the mass splitting Am ~ 
the inclusive cross-section reflects an almost continuous distribution in mass. 
This characteristic feature of the ADD model may enable to distinguish its 
predictions from other new-physics effects. 
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2.2 HEP phenomenology 

The Feynman rules for diagrams involving gravitons in the ADD model were 



derived in Refs. [Q, The high energy effects predicted by the model 
were studied in - and many others. 

There are two types of processes at high energies in which effects due 
to KK modes of the graviton can be observed at running or planned ex- 
periments. These are the graviton emission and virtual graviton exchange 
processes. 

We start with the graviton emission, i.e. the reactions where the KK 
gravitons are created as final state particles. These particles escape from the 
detector, so that a characteristic signature of such processes is missing energy. 
As we explained above, though the rate of production of each individual mode 
is suppressed by the Planck mass, due to the high multiplicity of KK states, 
Eq. (pISD, the magnitude of the total rate of production is determined by 
the TeV scale (see Eq. (0)). Taking Eq. (|18|) into account, the relevant 
differential cross section 1061 



where dam/dt is the differential cross section of the production of a single 
KK mode with mass m. 

At e^e~ colliders the main contribution comes from the e~^e~ 76**^"^ 
process. The main background comes from the process e~^e~ uu'j and can 
be effectively suppressed by using polarized beams. Fig. ^ shows the total 



cross section of the graviton production in electron-positron collisions [51 



Fig. H shows the same cross section as a function of M for a/s = 800 GeV 



n|], |2 



In Table |T] sensitivity in mass scale M in TeV at 95% CL. is presented. 
The results for ^/s = 1 TeV and the integrated luminocity C = 200fb~^ 



(left part of the table) are taken from Ref. The expected sensitivity 

at TESLA (right part of the table) is taken from Ref. |]TT||. We see that in 
experiments with polarized beams the background is suppressed, and the up- 
per value of M, for which the signal of the graviton creation can be detected, 
is higher. 

Effects due to gravitons can also be observed at hadron colliders. A 
characteristic process at the LHC would be pp — > (jet -|- missing E). The 
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Figure 5: The total cross sections for e'^e ^I'ii'i {i = e, /i, r) (curves with 
the peak) and e^e~ •yG (faster growing curves) with cuts as shown for 
= 2 and M = 2.5 TeV On the plot M is denoted as Ms. The peak 
corresponds to the threshold of the Z-boson. 
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Figure 6: Total cross section for e~^e~ 'jG'^"'^ at y/s = 800 GeV as a 
function of the scale M (denoted as Md on the plot) for different number 
d = 6 of extra dimensions. The three horizontal lines indicate the background 
cross sections from e~^e~ 7Z/P for both beams polarized (solid line), only 
electron beam polarization (dashed) and no polarization (dot-dashed) |]52| . 



20 



Table 1: 



d 


= 1 TeV, C = 200fb"^ 


TESLA: 
v/s = 800 GeV, C = lab"^ 


P-,+ = 


P-,+ = 0.9 


P_,+ = 


P = 0.8 


= 0.8/0.6 


2 


4.1 


5.7 


5.9 


8.3 


10.4 


3 


3.1 


4.0 


4.4 


5.8 


6.9 


4 


2.5 


3.0 


3.5 


4.4 


5.1 



subprocess which gives the largest contribution is the quark-gluon collision 
qg qG^"'^ Other subprocesses are qq gG^'^^ and gg gG^'^\ The 
range of values of the scale M (in TeV) which can lead to a discovery at at 
least 5(7 for the direct graviton production at LHC (ATLAS study, Ref. ||53[| ) 
and TESLA with polarized beams [|l^ are presented in Table |^ (the Table is 
borrowed from Ref. [0). The lower value of M appears because for ^/s > M 
the effective theory approach breaks down. 



Table 2: 



d 


2 


3 


4 


5 


6 


LHC 


4.0 - 7.5 


4.5-5.9 


5.0-5.3 


none 


none 


TESLA 


0.5 - 7.9 


0.5-5.6 


0.5-4.2 


0.5-3.4 


0.5-2.9 



Processes of another type, in which the effects of extra dimensions can 
be observed, are exchanges via virtual KK modes, namely virtual graviton 
exchanges. Contributions to the cross section from these additional channels 
lead to its deviation from the behaviour expected in the four-dimensional 
SM. The effect is similar to the one mentioned in Sect. 1.3 (see Figs. ^, ^). 
Deviations due to the KK modes can be also observed in the left-right asym- 
metry. Since the momentum along the extra dimensions is not conserved on 
the branes, processes of such type appear already at tree-level. An example 
is e~^e~ — >■ // with G'-"'' being the internal line. Moreover, gravitons can 
mediate processes absent in the SM at tree-level, for example, e~^e~ — >■ HH, 
e~^e~ — > gg. Detection of such events with the large enough cross section 
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may serve as an indication of the existence of extra dimensions. 

The s-channel amphtude of a graviton-mediated scattering process is 
given by 




A=^y,{ T,, -T,„ + \\ \ , J ^ \ ) = ST 



M%^\ s-ml ' \ d + 2 s-mV 



where P^u is a polarization factor coming from the propagator of the massive 
graviton and T^^ is the energy-momentum tensor . The factor T contains 



contractions of this tensor, whereas iS is a kinematical factor, 



c r . , w/2-1 [id-m] . , k-i .p^sd-2k 



2M4 VmV 



k=l 





^dm 


s — 


im? 


-t 









Here, as before, we substituted summation over KK modes by integration. 
Since the integrals are divergent for d > 2 the cutoff A was introduced. It 
sets the limit of applicability of the effective theory. Because of the cutoff the 
amplitude cannot be calculated explicitly without knowledge of a full funda- 
mental theory. Usually in the literature it is assumed that the amplitude is 
dominated by the lowest-dimensional local operator (see [Q). This amounts 
to the estimate 

^-^^cos^^), 

where the constant A is supposed to be of order 1. Note that in this approxi- 
mation A does not depend on the number of extra dimensions. Characteristic 
features are the spin-2 particle exchange and the gravitational universality. 

Typical processes, in which the virtual exchange via massive gravitons 
can be observed, are: (a) e+e" 77; (b) e+e" — > //, for example the 
Bhabha scattering e~^e~ — > e~^e~ or MoUer scattering e~e~ —>■ e~e~; (c) 
graviton exchange contribution to the Drell-Yang production. A signal of 
the KK graviton mediated processes is the deviation in the number of events 
and in the left-right polarization asjTiimetry from those predicted by the SM 
(see Figs. 0,1) 0. 

The constraints on M are essentially independent of d, the number of 
extra dimensions, and details of the fundamental theory. The spin-2 nature 



22 



of the KK gravitons, mediating these processes, is revealed through angular 
distributions in e^e~ collisions in a unique way and can be distinguished 
from other sources of new physics. Signals for an exchange of the KK tower 
of gravitons appear in many complementary channels simultaneously. 

As an illustration let us present combined estimates for the sensitivity 
in M at 95% CL. obtained in Ref. for TESLA by considering various 



processes: 



^/s = 0.5 TeV M > 5.6 TeV 
= 0.8 TeV M > 8 TeV 



2.3 Cosmology and Astrophysical constraints 

In the ADD model a conceivable concept of space-time, where the Universe 
is born and evolves, exists for temperatures T < M only. Recall that the 
fundamental scale M is assumed to be M > 1 TeV. For the predictions of 
the Big-Bang Nucleosynthesis (BBN) scenario not to be spoiled within the 
ADD model the expansion rate of the universe during the BBN cannot be 
modified by more than 10% approximately. Therefore, it should be required 
that before the onset of the BBN at the time t = Ibbn 

(1) the size R of extra dimensions is stabilized to its present value and 
satisfy 



1mm 

\t=tBBN 



RH\t=t^^., ~ —TTT, — ~ 10 
lO^^cm 



(2) the influence of extra dimensions on the expansion of the 3-brane is 
negligible. 

Here H is the Hubble parameter. As a consequence, there exists some maxi- 
mal temperature T^, in the Universe, often referred to as the "normalcy tem- 
perature". For T < the bulk is virtually empty and R is fixed. Usually 
the normalcy temperature is associated with the temperature of the reheating 
Trh- 

Implementing the constraints, mentioned above, in various astrophysical 
effects leads to bounds on the fundamental scale M. They are summarized 
in Table 0. Let us make short comments concerning these bounds. 
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Figure 7: Deviation from the expectations of the SM (histogram) for Bhabha 
scattering at a 500 GeV e'^e~ colhder for the number of events per angular 
bin as a function of 2; = cos^ for M = 1.5 TeV and the integrated luminocity 
C = 75 fb~^ The two sets of data points correspond to the choices 

A = ±1. 
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Figure 8: Deviation from the expectations of the SM (histogram) for Bhabha 
scattering at a 500 GeV e^e~ colhder for the Left-Right polarization asymme- 
try as a function oi z = cos 6 for M = 1.5 TeV and the integrated luminocity 
£ = 75 fb~^ The two sets of data points correspond to the choices 

A = ±1. 
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Table 3: 



Nature of the constraint 


d = 2 


d = 3 


1. Cooling of the Universe 0] 


M > 1 TeV 


M > 1 TeV 


2. Over closure of the Universe [^4 


M > 10 TeV 


M > 1 TeV 


3. SN1987A cooling p. |5§ 


M > 50 TeV 


M > 5 TeV 


4. CDG radiation [g 0, 5| 


M > 80 ^ 100 TeV 


M > 7 TeV 



1. Cooling of the Universe. The radiation on the 3-brane cools in two ways: 
(1) due to the expansion of the Universe, the standard mechanism; and (2) 
due to the production of gravitons, which is a new channel of cooling present 
in the ADD model. The rates of decrease of the radiation energy density p 
are given by 



7^l 



dp 
'dt 



-3Hp 



expansion 



M 



PI 



dp 
dt 



T 



d+7 



respectively [ 
temperature: 



evaporation 

The requirement 7^2 < T^i gives the bound on the normalcy 



f M 



6d-9 

10~ 



MeV 



M 



d+2 
\ d+l 



1 TeV. 



(23) 



\Mpi, 

For d = 2 and M = ITeV the bound is T,, < 10 MeV. The lowest possi- 
ble value of the temperature of reheating Tr// acceptable within the BBN 
scenario is T^h = 0.7 MeV. Hence, inequality (^) on T^, does not set any 
stronger bound on M. 

2. Overclosure of the Universe. Since the KK excitations are massive and 

1)) they may 



> 



their lifetime Tgrav 
overdose the Universe 



^age of the Universe) (see estimate 
The condition for this not to occur is Pgrav < Pcrit, 
where pcrit is the critical density. Writing this inequality for p/T^ and taking 
into account that this ratio is invariant, one gets |^ 

1 T^+'Mpi 



Pgrav (T^:ngrciv) 



2^3 



2^3 



T3 



< 



Pcrit 
2^3 



3 ■ lO"'^ GeV. 
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10 



Figure 9: The lower bound on M as a function of the temperature of reheating 
TfiH, when only modes produced during the radiation dominated epoch are 
considered. The calculation is done for d = 2 pl |. 



This amounts to the following bound on the normalcy temperature: 



T, < 10^^ MeV ■ 



M 



1 TeV 

which already sets a stronger bound on M. Thus, for d = 2 and M = ITeV 
inequality (||) gives <, 0.2 MeV. For to be higher than 0.7 MeV the 
scale M must be M > 4 TeV. More accurate estimates give bounds on M 
as a function of the temperature of reheating. They are shown in Fig. ^ and 
summarized in Table |^. 

3. SN1987A cooling. The massive gravitons are copiously produced inside 
active stars, in particular inside the supernova SN1987A. The KK graviton 
emission competes with neutrinos carrying energy away from the stellar in- 
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terior. This additional channel of energy loss accelerates the cooling of the 
supernova and can invalidate the current understanding of the late-time neu- 
trino signal. To avoid this potential discrepancy with the observational data 
the supernova emissivity calculated as the luminosity per unit mass of the 
star, should satisfy the Raffelt criterion: 

£ < 1019^. (25) 
g- s 

Assuming that the graviton emission is dominated by two-body collisions and 
that the main contribution comes from the nucleon-nucleon bremsstrahlung 
A^A^ ^ A^A^G^") it was shown in Ref. that Eq. (|5D implies 

30-9d 

M > lO^i^ TeV. 

For d = 2 this gives M > 30 TeV. More accurate estimates were obtained in 
Refs. and are presented in Table ^. 



4. CDG radiation. Though, according to Eq. (|21|), the lifetime of the massive 
KK mode exceeds the age of the Universe, the decay G'-"'^ 77 can still 
produce a noticeable effect in distorting the cosmic diffuse gamma (CDG) 
radiation. 

A simple estimate, obtained in Ref. gives 

d+2 

6d-15 / M \ d+5 



< lO^R^ MeV ■ 



TeV/ 



In the case of two extra dimensions the scale M must satisfy M ^ 3 TeV in 
order to make possible the normalcy temperature to be T,, < 0.7 MeV. 

A more detailed study of photons produced in the decay of KK gravitons 
was carried out in Ref. |^ . The lower limit on M was obtained by comparing 
the result of calculation of the photon spectrum dn^/dE oc (M/TeV)"^'^"'"^-' 
with the upper bound on the recently measured value (COMPTEL results. 



see Ref. 58 



dri-y 



dE 



< I ~ 10-3 MeV^i ■ cm-2 ■ s'' ■ ster-^. (26) 

T=T, \ ) exp 



For (i = 2, the photon energy ^ 4 MeV, that gives the most stringent 
limit, and T, = 1 MeV one gets M > 110 TeV. 
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The strongest bounds on M were obtained in Ref. [^], they are presented 
in Table ^. These bounds were derived by constraining the present-day con- 
tribution of the KK emission from supernovae, exploded in the whole history 
of the Universe, to the MeV 7-ray background. 

Scenarios of early cosmology within the ADD model can be very different 
from the standard ones. We will restrict ourselves to a few general remarks. 
First of all, for the effective theory to be valid the energy density of KK 
gravitons must satisfy 

PKK < M\ (27) 



In addition to this, there is another constraint derived in Ref. which 
comes from the condition that the total energy in the bulk should be much 
less than the total energy on the wall. It ensures that the influence of the 
bulk on the expansion of the Universe can be neglected. It amounts to the 
inequahty 

« ^'"^ [m) ■ 

Another new feature is that the only natural time scale for the beginning 
of the inflation in the ADD model is to ~ M~^. Using condition (^) the 
Hubble parameter at that time can be estimated as 



H 



\ 3Mj,i - Mpi 



Hence, the inflation occurs at a time scale ti = 3> M~^. 

Further details of ADD cosmology depend on particular models. For 
example, as it was shown in Ref. |^ (see also |0), within scenarios in 



which the inflaton is a brane field, i.e. a field localized on the brane and not 
propagating in the bulk, its mass is tiny comparing to the scale M. Namely, 

We see that such scenarios introduce a new hierarchy, and perhaps the SUSY 
is needed to protect the inflaton mass from quantum corrections. They also 
have problems in describing the density perturbations. In Ref. it was 
argued that scenarios with the inflaton being a bulk field are free of many of 
these problems. 
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3 Randall- Sundrum Models 



3.1 RSI model 

The Randall-Sundrum (RS) models are models based on solutions for the 
five-dimensional background metric obtained by L. Randall and R. Sundrum 
inRefs. §, 0. 

We begin with the model which was proposed in the first of these two 
papers, Ref. [H, and which was termed as the RSI model. It provides a novel 
and interesting solution to the hierarchy problem. 

The RSI model is a model of Einstein gravity in a five-dimensional space- 
time with the extra dimension being compactified to the orbifold S^jZ^- 
There are two 3-branes located at the fixed points ?/ = and y = ttR of the 
orbifold, where R is the radius of the circle S^. The brane at ?/ = is usually 
referred to as brane 1, whereas the brane at y = ttR is called brane 2. 

We denote space-time coordinates by x*^, where M = 0,1,2,3,4, the 
four-dimensional coordinates by a;^ = x^, fi = 0,1,2,3, and x^ = y. Let 
Gmn{x, y) be the metric tensor of the multidimensional gravity. Then (7*^^) [x] = 
Gfj,u{x,0) and g^'^\x) = G ^^{x^'kR) describe the metrics induced on brane 1 
and brane 2 respectively. The action of the model is given by 

S = j (fx dy4^ {2M^n^^^ [Gmn] + A} 

+ / d'x^^) (Li - ri) + / d'x^P^) (L2 - T,) , (29) 

where TZ^^^ is the five-dimensional scalar curvature, M is a mass scale (the 
five-dimensional "Planck mass") and A is the cosmological constant. Lj is a 
matter Lagrangian and tj is a constant vacuum energy on brane j {j = 1, 2). 

A background metric solution in such system satisfies the Einstein equa- 
tion 

1 " 1 1 / — ~ 1 



-G 



4M3 ' 4M3- 



If contributions of matter on the branes are neglected, then the energy- 
momentum tensor is determined by the vacuum energy terms: 

Tmn = r,^^)g^^}5W{y) + r^^^^afil^W^V - ^^)- (30) 
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The RS background solution describes the space-time with non-factorizable 
geometry and is given by 

ds^ = e-^^^y^^^dx^dx'' + dy^. (31) 

Inside the interval — vri? < y < vri? the function a{y) in the warp factor 
exp(— 2cr) is equal to 

aiy) = k\y\, {k > 0) (32) 

and for the solution to exist the parameters must be fine-tuned to satisfy the 
relations 

n = -T2 = 2AM^k, A = 2AM^k'^. 

Here /c is a dimensional parameter which was introduced for convenience. 
This fine-tuning is equivalent to the usual cosmological constant problem. If 
k > 0, then the tension on brane 1 is positive, whreas the tension T2 on brane 
2 is negative. 

For a certain choice of the gauge the most general perturbed metric is 
given by 

rfs2 _ ^-2k\y\ (^^^^ ^ V(x,i/)) dx^dx" + (1 + (j){x))dy\ 

The Lagrangian of quadratic fluctuations is not diagonal in h^^ix, y) and 
(f){x), it contains cross-terms. Correspondingly, the equations of motion, 
which are obtained by expanding the Einstein equations around background 
solution ( pID are coupled. The problem of diagonalization of the Lagrangian 
was considered in Ref. [^. Representing hf^^{x, y) as a certain combina- 
tion of a new field variable h^y and (f) and using the freedom of the residual 
gauge transformations, the Lagrangian can be diagonalized and the equa- 
tions can be decoupled. This procedure was carried out in a consistent way 
in Ref. ||. 



As the next step the field h^y{x^y) is decomposed over an appropriate 
system of orthogonal and normalized functions: 

v(^,2/) = i:^!r.H^)^, (33) 

n=0 ^ 



where 



Xo{y) = 2VkRe-''^y\ 



Xn{y) = Nn 



C,Y2 ( ^e^'l^l) + C2J2 {^e'\y\ 



(n^O). 
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Here J2 and Y2 are the Bessel functions, Nn are normalization factors. The 
boundary conditions (or junction conditions) on the branes, that are due to 
the 5-function terms (see Eq. (PU])), fix the constants Ci = Yi^nin/k) and 
C2 = —Jiirrin/k) and lead to the eigenvalue equation 

The numbers (3n are related to m„ by m„ = f3nke''"''^. For small n > 1 this 
equation reduces to the approximate one: Ji(/5„) = 0, and /9„'s are equal 
to pn = 3.83, 7.02, 10.17, 13.32, . . . for n = 1, 2, 3, 4, . . .. The zero mode field 
/i|fj](x) describes the massless graviton. Within the five- dimensional picture 
it appears as a state localized on brane 1. The fields h^^^J^x) with n > 1 
describe massive KK modes. The field 0(x) classically satisfies the equation 
of motion for a scalar massless field: □(4)0(x) = 0. This field was called 
radion. It represents the degree of freedom corresponding to the relative 
motion of the branes. Apparently, the radion as a particle was first identified 
in Ref. (see also [^) and studied in articles - pB[ . 



As we will see later, it is brane 2 which is most interesting from the 
point of view of the high energy physics phenomenology. However, because 
of the non-trivial warp factor e~^°"('^^) on brane 2, the coordinates {x^} are 
not Galiliean (coordinates are called Galilean if qmn = diag{—l, 1, . . . , 1)). 
To have the correct interpretation of the effective theory on brane 2 one 
introduces the Galilean coordinates = x^e~'^^^. Correspondingly, the 
gravitational field and the energy-momentum tensor should be rewritten in 
these coordinates. Calculating the zero mode sector of the effective theory 
we obtain 

J J—nR ^ L J J 

Identifying the coefficient, which multiplies the four-dimensional scalar cur- 
vature, as Mpi one gets 

/nR A/f3 
dye-'"'\y\ = ^ (e'"'^^ - 1) (34) 
^wR k ^ ^ 



In the Galilean coordinates the four-dimensional effective 
action of quadratic fluctuations after expansion over KK modes is given by 

r f 1 °°. 1 1 



4 

^ n=0 
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Here the indices are raised with the Minkowski metric 77^,^, and the field ip{x) 
is related to (j) by the rescaling 



:,2kR 



- 1 



3kR^ 



which is chosen so that to bring the kinetic term of the radion to the canonical 
form. The masses of KK modes are equal to M„ = m„e^'^'^ = 

The general form of the interaction of the fields, emerging from the five- 
dimensional metric, with the matter localized on the branes is given by the 
expression: 

d^xh^,{x,0)T^'J + j^ rfSV(^,0)T^2)v'-det7^,(7ri?) 



2M3/2 Jb^ 

following from Eq. (pQl). Here Tj^]) and Tj^^ are the energy- momentum 
tensors of the matter on brane 1 and brane 2 respectively. Decomposing the 
field h^y{x, y) according to (^) and rescaling the radion field, we obtain that 
the interaction term on brane 2 is equal to 



(35) 



where 



-kwR 



M3/2 



exp{—2kiTR) 



(36) 



KWne ^, Krad 



kivR 



The factors w„ are determined by the values Xnij^R) of the eigenfunctions at 
y = ttR. One can check that w„ ~ 1.0 for small n. 

If a few first massive KK gravitons have masses M„ ~ ITeV, then a new 
interesting phenomenology in TeV-region of energies takes place on brane 2. 
To have this situation the fundamental mass scale M and the parameter k 
are taken to be M ~ /c ~ ITeV. Then, to satisfy relation (|3^) we choose 
the radius R such that kR ^ 12. With this choice e'''^^ ~ 10^^, thus giving 
a solution to the hierarchy problem, namely allowing to relate two different 
scales: the TeV-scale and the Planck scale. In this model the Planck scale 
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is generated from the TeV-scale via the exponential factor and no new large 
hierarchies are created. The exponenial factor is of geometrical origin: it 
comes from the warp factor of the RS solution. 

The zero mode h^^^} (x) describes the usual massless graviton. Its coupling 
K to matter in Eq. ( |55| ) is therefore identified with Mpl. This is consistent 
because, as one can easily see, Eq. (|36D with k = Mpl gives the same relation 
The interaction Lagrangian can be rewritten in the following way: 



ZJB2 yV^Pl j^^i -l^n AttVO 



(37) 



where A^r = Mpie~^^^ ~ \JlvpJk. We see that the effective theory on 
brane 2 describes the massless graviton (spin-2 field), the massless radion 
(scalar field) and the infinite tower of massive spin-2 fields (massive gravitons) 
with masses M„ = The massless graviton, as in the standard gravity, 
interacts with matter with the coupling Mp}. The interaction of the massive 
gravitons and radion are considerably stronger: their couplings are oc ~ 
1 TeV~^. This leads to new effects which in principle can be seen at the 
future colliders. In the literature brane 2 (the brane with negative tension) 
is referred to as the TeV-brane. 

We would like to note that instead of choosing the Galiliean coordinates 
on the TeV-brane, one can introduce global five-dimensional coordinates 
{z^^y} with = x^e~^'^'"^~'^\ for which the warp factor on this brane is 



equal to 1. This alternative description was used in Ref. [|12|. All phys- 
ical conclusions, derived there, are the same as the ones obtained within 
the formalism with the physical (Galilean) coordinates on the TeV-brane 
described above, see Refs. [^, [7^]. In the latter formalism the effective 
Lagrangian and formulas (|36D, expressing the coupling constants in terms of 



the parameters M, k and R of the model, differ from the ones usually used 



in the literature (see, for example, Refs. p, |7^). In particular, we get 
k ~ ITeV, whereas in the above mentioned papers one needs k ~ Mp^^. 
Nevertheless, it is easy to check that the ratios k„/ k and Krad/ 1^ are the same 
both in physical (Galilean) coordinates {z'^} and in "non-physical" coordi- 
nates {x^}. For this reason phenomenological predictions obtained in these 
and many other previous papers remain valid. 

^The alternative of choosing M ^ k ^ I TeV was mentioned in Ref. [p| 
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To conclude this subsection let us discuss briefly two other RS-type mod- 
els. In article a model with Lagrangian (p9D and non-compact fifth di- 
mension was proposed. This model contains only one brane, at y = 0, and 
the fields of the SM are supposed to be localized there. The extra dimension 
is the infinite line. This model was called the RS2 model. 

The solution for the background metric is given by the same Eqs. (|31|), 
(|32|), but now they are valid for —oo < y < oo. Fluctuations around the 
solution include a state with zero mass, which describes the massless graviton, 
and massive states. The massless graviton is localized on the brane, hence 
no contradiction with the Newton law appears at distances r ^ with the 
parameter k chosen to be ~ Mpi. Non-zero KK states are non- localized 
and form the continuous spectrum starting from m = (no mass gap). The 
RS2 model gives an elegant example of localized gravity with non-compact 
extra dimension. However, it does not provide a solution of the hierarchy 
problem. 

The Lykken- Randall (LR) model, proposed in Ref . fTll , is a combination 



of the RSI and RS2 models. This is a model (^) with the non-compact 
fifth dimension and with two branes. Brane 1, the Planck brane, is located 
at y = and its tension determines the same background solution for the 
metric as in the RS2 model. Brane 2, the TeV-brane, is regarded as a probe 
brane, i.e. the tension r2 <^ ri, so that it does not affect the solution. The 
TeV-brane is located at y = ttR, and the value of R is adjusted in such a 
way that 

Mpie-^^^ ~ Mpi ■ 10'^^ ~ 1 TeV. 

This assures that the hierarchy problem is solved on the TeV-brane. There- 
fore, it is considered to be "our" brane, i.e. the brane where the SM is 
localized. Note that the tension T2 can be chosen to be positive. 

3.2 HEP phenomenology 

In this subsection we discuss some effects in the RSI model which can be 
observed in collider experiments at TeV-energies. They were studied in 



Refs. - and other subsequent papers. 

Let us recall that according to Eq. (^) the couplings of the fields are 
determined by the Planck mass and A^, which are related to the parameters 
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Mil ~ ^e^^^^, = Mpie-^^^ ~ 1 TeV. 



of the model by 

T 

The presence of the massless scalar radion leads to a contradiction with the 
known experimental data. That is why it is assumed that the radion is 
stabilized by that or another mechanism and, thus, becomes massive. One 



of such mechanisms was proposed in Refs. [33], |75|. It provides the mass 
~ (10 -i- 100) GeV to the radion without strong fine-tuning of parameters. 
With such mass the radion does not violate the Newton gravity law on the 
TeV-brane. There is much literature on the phenomenology of the radion 



(see, for example, Refs. |^5[, ||76| and references therein), we do not discuss 
it here. 

Processes at high energies in the RSI model (excluding the radion sector) 
are completely determined by two parameters. It is common to choose them 
to be 

the mass of the first mode, and r] = {k/Mpi)e^'^^ Recall that (3i ^ 3.83. 



Indeed, it is easy to check that all the couplings and observables can be 
expressed in terms of Mi and rj. For example, the total width of the first 
graviton resonance is equal to Tq(i) = pMijSfr]'^, where p is a constant which 
depends on the number of open decay channels | |72|| . 

According to the assumptions made in the previous subsection, ~ 1. 
There are two more restrictions on this parameter. 

(1) The five-dimensional scalar curvature calculated for the RS solution 
is equal to 71^^^ = -20A;^e^'"'^. The RS solution can be trusted if 

|7^(5)| < jvfV^"^. (38) 

This gives the constraint k/M < 0.22 or 

3/2 ^ 




Vl-e 




^=(t7) ^^=S-(t7) <0.1. (39) 



(2) Within the four-dimensional heterotic string model it can be shown 
(see, for example, |j72|) that 



7] > 



1 ^YM 
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For the gauge constant gyyi ~ 0.7 and string constant (y'gtring ~ ^ ^^i^ 
relation gives the inequahty t] > 0.01. Combining this bound with inequahty 
( PUD we arrive at the following conservative estimate: 

0.01 <r7< 0.1. (40) 

For such values of the parameter rj and the mass of the first KK mode 
Ml ~ 1 TeV direct searches of the first KK graviton G^^^ in the resonance 
production at the future colliders become quite possible. Signals of the gravi- 
ton detection can be 

(a) an excess in Drell-Yang processes 

(b) an excess in the dijet channel 

qq^gg G^^^ qq,gg- 

The plots of the exclusion regions for the Tevatron and LHC, taken from 
Ref . 1^ , are presented in Figs. 0, |TT|. The behaviour of the cross-section of 



the Drell-Yang process as a function of the invariant mass of the final leptons 



for two values of Mi and a few values of r] are shown in Figs. 0, |T^. 

As an example let us discuss the possibility of detection of the resonance 
production of the first massive graviton in the proton - proton collisions 



pp G^^^ e'^e at the LHC (ATLAS experiment) studied in Ref. 



The main background processes are pp — Z/7* — > e^e . By estimating the 
cross section of G*^^-* — > e"'"e~ as a function of Mi it was shown that the RSI 



model would be detected if Mi < 2080 GeV, see Fig. |n. 

To be able to conclude that the observed resonance is a graviton and not, 
for example, a spin-1 Z' or a similar particle it is necessary to check that 
it is produced by a spin-2 intermediate state. The spin of the intermediate 
state can be determined from the analysis of the angular distribution function 
f{9) of the process, where 9 is the angle between the initial and final beams. 
This function is / = 1 for the scalar resonance, f{9) = 1 + cos^^ for a 
vector resonance, and is a polynomial of the 4th order in cos 6' for a spin-2 
resonance. For example, for gg G*^^^ e~^e~ f{9) = 1 — cos^^, whereas 
for qq G^^^ e~^e~ f{9) = 1 — 3cos^^ + 4cos^^^. The analysis, carried 
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f I I I I I 

250 500 750 1000 1250 

mi (GeV) 

Figure 10: Exclusion region for resonance production of the first KK graviton 
excitation in the Drell-Yan (corresponding to the diagonal lines) and dijet 
(represented by the bumpy curves) channels at the Tevatron. The solid curves 
represent the results for Run I, while the dashed, dotted curves correspond 
to Run II with 2, 30 fb^^ of integrated luminosity, respectively. The excluded 
region lies above and to the left of the curves. 
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Figure 11: Exclusion region for resonance production of the first KK gravi- 
ton excitation in the Drell-Yan production at the LHC The dashed, sohd 
curves correspond to 10, 100 fb~^ of integrated luminosity, respectively. The 
excluded region lies above and to the left of the curves. 
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Figure 13: Drell-Yang production of the KK graviton with Mi = 1500 GeV 
and its subsequent tower states at the LHC for rj = 1,0.5,0.1,0.05,0.2, and 
0.01, respectively, from top to bottom 
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▲ Test model cross section 
• Cross section limit 
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1 000 1 500 2000 
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Figure 14: The cross-section times branching ratio, a- for G^^^ — > e^e in 
the RSI model and the smallest detectable cross-section times the branching 



ratio, (a ■ 5)™" J7^. The plot is calculated for rj = 0.01. 
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out in Ref. |7^, shows that angular distributions allow to determine the spin 
of the intermediate state with 90% C.L. for Mi < 1720 GeV. 

As a next step it would be important to check the universality of the 
coupling of the first massive graviton G^^^ by studing various processes, e.g. 
pp G^^'^ , jets, 'j'j,W^W~ , HH , etc. If it is kinematically feasible 

to produce higher KK modes, measuring the spacings of the spectrum will 
be another strong indication in favour of the RSI model. 

The conclusion drawn in Ref. is that with the integrated luminocity 
C = 100 fb~^ the LHC will be able to cover the natural region of parameters 
(Ml, rj) and, therefore, discover or exclude the RSI model. This is illustrated 
in Fig. |l^. The curves represent the theoretical constraint on the scalar 
curvature, Eq. (M5 = Me^'^^^), the Tevatron bound (see Figs. |TD|, |TT|), 
the global fit from measurements of the oblique parameters S and T, and 
the bound < 10 TeV. The latter is regarded as a condition for solving 
the hierarchy problem, i.e. it is supposed that if A^ is large enough, namely 
Att > lOTeV, the hierarchy remains and the motivation for introducing the 
RSI model with one extra dimension is not sufficient. The range of the region 
in the ?7-direction is given by interval (|40|) . 

There is an interesting phenomenology in theories when gauge fields 
and/or fermions of the SM are allowed to propagate in the bulk. We do 
not consider such cases here and present only a list of main references on the 
subject, see Refs. 



^, 171, @ - E 



In the present article we also do not analyze cosmological aspects of the 
RS models limiting ourselves only to a few short remarks. In a number 
of papers a Friedman- Robert son- Walker (FRW) generalization of the RSI 
model was studied (see Refs. [1641, llSTIl, also Ref. ||8^ and an extensive list of 



references therein). Because of the presence of the branes the effective cos- 
mological equations on the TeV-brane are non-standard. In particular, the 
effective Hubble parameter H2 on this brane turns out to be proportional 
to the square of the energy density (and not to p, as in the standard 
cosmology), that for certain regimes leads to a contradiction with the stan- 
dard behaviour of the scale factor of the three-dimensional space in the FRW 
Universe. In addition, the equation for H2 includes an extra term which can 
be interpreted as an effective radiation term. However, as it was shown in 
0, 



Ref. 



if a mechanism, stabilizing the radion (e.g. the Goldberger-Wise 
mechanism, Ref. |75|), is added, then the standard FRW cosmology is recov- 
ered for the temperatures T < A^^. 
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mi (GeV) 



Figure 15: Summary of experimental and theoretical constraints on the pa- 
rameters Ml and t] = {k/ Mpi)e^'^^ of the RSI model (Mi is denoted as 
mi and k/Mpi stands for rj) [Q. The allowed region lies in the center as 
indicated. 
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4 Discussion and Conclusions 



We have considered two classes of models with extra dimensions, the ADD 
model and the RS-type models. The models were designed to solve the hier- 
archy problem. It turns out that they predict some new effects which can be 
detected at the existing (Tevatron) and future (LHC, TESLA) colliders. This 
opens new intriguing possibilities of discovering new physics and detecting 
extra dimensions of the space-time in high energy experiments in the near 
future. Their results may give us deeper understanding of the long standing 
hypothesis by T. Kaluza and O. Klein and even provide new arguments in 
favour or against it. 

Limitations on the size of the article have not allowed us to include a 
number of interesting issues related to the ADD and RS models. In partic- 
ular, we have not considered the neutrino physics within the KK approach. 
Apparently the idea of neutrinos experiencing extra dimensions was first in- 
troduced in articles p3[, and later was developed in Refs. [|79|, [pi]. Also 



topics like the analysis of the anomalous magnetic moment of the muon (see 
Ref. 1^), latest developments in SUSY extensions of the SM with extra 
dimensions (see Refs. [^, ||38|), latest results on astrophysics with extra 
dimensions (see, for example, Ref. [EB] and references therein), and many 



others are left beyond the scope of the present review. 

We finish the article with a short summary of main features of the ADD 
and RS models. 

ADD Model . 

1. The ADD model removes the Mew/^pi hierarchy, but replaces it by 
the hierarchy 

R-^ f M \ '^''^ _3o 

~ ~ 10 d . 

M \MpiJ 

For d = 2 this relation gives R~^/M ~ 10^^^. This hierarchy is of 
different type and might be easier to understand or explain, perhaps 
with no need for SUSY. 

2. The scheme is viable. 

3. For M small enough high energy physics effects, predicted by the model, 
can be discovered at future collider experiments. 
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4. For d = 2 the cosmological and astrophysical bounds on M are high 
enough (M > 100 TeV), so that a (mild) hierarchy is aheady re- 
introduced. For d > 3 the bounds on M are sufficiently low. 

5. Some natural cosmological scenarios within the ADD approach may 
bring further problems. One of them is the rriinf/M hierarchy, where 
rriinf is the mass of the inflaton (see Eq. (pH])). Another is the moduli 
problem. These may be indications of the need for SUSY in multidi- 
mensional theories. 

RSI model 

1. The model solves the Mew/Mpi hierarchy problem without generating 
a new hierarchy. 

2. A large part of the allowed range of parameters of the RSI model will 
be studied in future collider experiments which will either discover the 
RSI model or exclude the most "natural" region of its parameter space 
(see Sect. 3.2). 

3. With a mechanism of radion stabilization added the model is quite 
viable. In this case cosmological scenarios, based on the RSI model, 
are consistent without additional fine-tuning of parameters (except the 
cosmological constant problem). 
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